Deletions involving 17q21-q24 have been identified previously to result in two clinically recognizable contiguous gene deletion syndromes: 17q21.31 and 17q23.1-q23.2 microdeletion syndromes. Although deletions involving 17q22 have been reported in the literature, only four of the eight patients reported were identified by array-comparative genomic hybridization (array-CGH) or flourescent in situ hybridization. Here, we describe five new patients with 1.8-2.5-Mb microdeletions involving 17q22 identified by array-CGH. We also present one patient with a large karyotypically visible deletion involving 17q22, fine-mapped to B8.2 Mb using array-CGH. We show that the commonly deleted region in our patients spans 0.24 Mb and two genes; NOG and C17ORF67. The function of C17ORF67 is not known, whereas Noggin, the product of NOG, is essential for correct joint development. In common with the 17q22 patients reported previously, the disease phenotype of our patients includes intellectual disability, attention deficit hyperactivity disorder, conductive hearing loss, visual impairment, low set ears, facial dysmorphology and limb anomalies. All patients displayed NOG-related bone and joint features, including symphalangism and facial dysmorphology. We conclude that these common clinical features indicate a novel clinically recognizable, 17q22 contiguous microdeletion syndrome.
INTRODUCTION
Deletions involving chromosome 17q21-q24 have been reported to result in two clinically recognizable contiguous gene deletion syndromes: 17q21.31 (MIM#610443) and 17q23.1-q23.2 (MIM#613355) microdeletion syndromes. A third region of interest to us and the subject of this study is 17q22. Eight patients with deletions encompassing 17q22 have been reported previously. [1] [2] [3] [4] [5] [6] [7] [8] Four of these were identified using array comparative genomic hybridization (array-CGH) or flourescent in situ hybridization (FISH), 4, [6] [7] [8] and of these, two involved the NOG gene. 4, 8 There have been also three reported patients with NOG-like features, where NOG was considered not to be involved; however, these were assessed using standard karyotyping with poor resolution of breakpoints. [9] [10] [11] To date, all reported patients with deletions of NOG have been associated with symphalangism, proximally placed thumbs and upslanting palpebral fissures. In four patients hypertelorism and posteriorly rotated low set ears were noted. 1, 3, 4, 8 a clinically recognizable 17q22 microdeletion syndrome and to identify contributing genes.
MATERIALS AND METHODS Patients
Clinical data were collected from five patients for whom a 17q22 microdeletion was identified in DNA samples. They were of Swedish (patient 1), British (patient 2), US (patient 4 and 5) and Brazilian (patient 6) origin. The patients were unrelated except the mother and daughter from the United States. A further British patient (patient 3) with a karyotypically visible deletion of 17q22 was also included in the study. Facial and hand photographs of patients 1-5 are shown in Figures 1 and 2 . The study was approved by the ethical committee at Karolinska University Hospital (ethical approval number: 2010/ 1930-32).
Cytogenetic studies
For the G-banding analyses, metaphase chromosome spreads were prepared from peripheral blood according to standard procedures. The karyotypes were described according to the International System for Human Cytogenetic Nomenclature ISCN (1999).
Array-CGH and FISH
For all six patients array-CGH was carried out using DNA isolated from peripheral blood. Patient 1 was analyzed on a 180K array from Oxford Gene Technology (Oxford, UK). Patients 2 and 3 were analyzed on 185K arrays from Agilent Technologies (Santa Clara, CA, USA). Patients 4 and 5 were analyzed on 105K arrays from the SignatureChip Oligo Solution, made for Signature Genomics Laboratories (Seattle, WA, USA) by Agilent Technologies as previously described. 18 Patient 6 was analyzed on a 4 Â 180K array from Agilent Technologies. 19 The effective mean resolution of the arrays was B16-54 kb based on three to four consecutive oligonucleotides showing a change. Experiments were performed according to the manufacturer's recommendations. Slide scanning was performed using an Agilent Microarray scanner. Data were extracted using Agilent Feature Extraction software (Agilent, Santa Clara, CA, USA). Data from patient 1 were analyzed using the OGT cytosure interpret software (z-score algorithm, OGT, Oxford, UK), whereas data from patient 2, 3 and 6 were analyzed using the Agilent CGH Analytics software, Agilent (z-score setting for patients 2 and 3 and ADM-2 algorithm for patient 6). For patients 4 and 5, metaphase FISH analyses with regional BAC probes were used to confirm deletions detected by array-CGH and test for additional chromosome rearrangements as previously described. 20 
RESULTS

Cytogenetics
Karyotyping at B550-band resolution was performed using peripheral blood lymphocytes, and all patients revealed normal karyotypes except for an apparently balanced pericentric inversion of chromosome 2 (46, XX, inv(2)(p11.2q13)) in the familial patients 4 and 5 and the large deletion encompassing 17q22 (46, XY, del(17q21q23.1)) noted in patient 3. Metaphase comparative genomic hybridization analyses in patients 4 and 5 failed to detect any deletions or duplications at the inversion breakpoint regions, findings consistent with these inversions being balanced.
Array-CGH and FISH
In all patients, array-CGH showed microdeletions involving the NOG gene on 17q22 (Table 1 and Figure 3) . In patients 1, 2, 3 and 6 they were de novo. Clinical description ( Table 2 ). The main shared clinical features for each patient are given in Table 2 . Photos of faces and hands are shown in Figures 1 and 2 . More detailed descriptions follow below. Patient 1 was the second child born to healthy unrelated parents. The pregnancy was uneventful and she was delivered in week 41 with birth weight 3120 g ( À0.7 standard deviation score (SDS), according to Albertsson Wikland 21 ), birth length 50 cm (0 SDS) and head circumference 33 cm ( À1.1 SDS). The head circumference at 1 year of age was 42 cm ( À3.2 SDS), hence she became microcephalic. Shortly after birth, dysmorphic facial features were noticed, and ultrasonography revealed aortic hypoplasia and a persistent ductus arteriosus. Examination at 1 year of age showed short, upslanting palpebral fissures, blepharophimosis, hypertelorism, strabismus and epicanthal folds together with a large bulbous nose, high nasal bridge, prominent columella, thin vermilion border of upper lip and a short philtrum. In both upper extremities there was an inability to flex the proximal interphalangeal joints due to symphalangism. The thumbs appeared proximally placed with a short first metacarpal. The forearm had limited rotation on examination despite non-dislocated radial heads. In the lower extremities there was symphalangism of the toes and variable terminal deficiencies, that is, the toes ended at various lengths. The patient had intellectual disability, impaired hearing and hyperopia. At examination she was too young for speech evaluation.
Patient 2 was born at 42 weeks gestation after an uneventful pregnancy to a healthy unrelated couple. She weighed 3270 g ( À0.4 SDS) and had a head circumference of 38 cm (1.7 SDS). She had a long, thin face with maxillary hypoplasia and a large bulbous nose with a prominent columella, hypoplastic alae nasi and a high nasal bridge. There was a short philtrum and a thin vermillion border to the upper lip. Later, hypertelorism, blepharophimosis, strabismus, narrow palpebral fissures and epicanthic folds were noted. In addition, she had preauricular sinuses. There were two fused thoracic vertebrae, first and second, causing scoliosis. She had hypogonadotrophic hypogonadism, an absent uterus and a rudimentary vagina. In the hands there was a short first metacarpal with the appearance of proximally placed thumbs and symphalangism in all fingers including the thumbs. The proximal interphalangeal joints in digits 2,3 and 4 had a flexion contracture due to the symphalangism and this was progressively more severe towards the ulnar border of the hands. She had Raynaud phenomenon in the hands and feet. Her shoulders were anteriorly positioned and internally rotated and the forearm had limited rotation on examination, most likely due to dislocated radial heads. The hips were dysplastic, internally rotated and had reduced movement (coxa valga). The knees had a fixed flexion deformity with genu valgum and there was symphalangism of toes 2, 3 and 5. The patient was delayed in speech and had intellectual disability.
Patient 3 is a young adult male, the youngest of three siblings born to unrelated parents. In the first month of life he was dysmorphic and found to have a cytogenetically visible de novo deletion of 17q22. 
He was slow to feed, microcephalic, had a prominent nose, mild contractures of the fingers, stiff hips, penile chordee and cryptorchidism. He had intellectual disability and his mobility was poor (requiring a wheelchair by age 7 years) due to increasing contractures of his knees, and he developed a seizure disorder without grand mal attacks (well controlled on carbamazepine, later lamotrigine) and asthma. Communication has always been extremely limited. Through his childhood and adolescence his contractures increased at the hips (tendon release left hip performed age 13), knees and ankles, and to a lesser extent in his digits. By age 17 years he had developed a spinal kyphosis with vertebral wedging of T11-12. When assessed at age 17 years of age, his head circumference was 50.5 cm (B À4.2 SDS according to Nellhaus 22 ), he was essentially wheelchair-bound (though could walk with support) with anteriorly placed shoulders, contractures of his fingers (Figure 2) , hips, knees, ankles and toes. He had fair hair, prominent supraorbital ridges, short and slightly upslanting palpebral fissures with telecanthus, mildly dysplastic helices, a large bulbous nose, short philtrum, thin upper lip and prominent lower lip, a rugiose tongue, clefting of uvula, long digits and toes with symphalangism, an appearance similar to 'pseudoclubbing' and variable terminal deficiencies. Feeding was still problematic as he could not chew effectively, and he had no sphincter control. Patient 4, a 5-year-old female, the daughter of patient 5, was born after 40 weeks gestation to a primagravida woman whose pregnancy was complicated by breech presentation, requiring a cesarean section. She required 4-day hospitalization in the neonatal intensive care unit for mild respiratory difficulties. Her birth weight was low, 2795 g ( À1.4 SDS). Her parents were unrelated. In preschool years, she demonstrated intellectual disability and speech delay, attention deficit hyperactivity disorder, conductive hearing loss and astigmatism. She had a markedly round face with maxillary hypoplasia, a large bulbous nose with prominent columella, hypoplastic alae nasi and mild micrognathia. The eyes had short, upslanting palpebral fissures, hypertelorism and epicanthal folds. There were duplicated renal collecting system, limited range of motion in the neck and a narrow thorax. Her upper extremities revealed carpal fusions, shortening of the metacarpals and phalanges of the fifth digits bilaterally. The thumbs appeared proximally placed, broad and had asymmetric shortening of the metacarpals. The proximal symphalangism on digits 1, 4 and 5 bilaterally was more severe in digit 5, where the proximal interphalangeal joint was ankylotic with clinodactyly. Some of the phalanges were broad and some were hypoplastic with terminal deficiencies. In the lower extremities, there were congenital muscular anomalies in the calves requiring lengthening of the Achilles tendon and short feet with broad and short halluces. She had pain in multiple joints. Mother and daughter were the only individuals within their extended pedigree who showed any evidence of skeletal anomalies or symphalangism.
Patient 5, the mother of patient 4, presented as an early teen with delay of speech, intellectual disability, attention deficit hyperactivity disorder, conductive hearing loss and pain in multiple joints. Her face showed maxillary hypoplasia, micrognathia, a large bulbous nose with prominent columella and hypoplastic alae nasi and an upper lip with thin vermilion border and a short philtrum. The eyes had short upslanting palpebral fissures, epicanthal folds and hypertelorism. There were duplicated renal collecting system, vertebral anomalies, a webbed neck with limited range of motion and a narrow thorax. In the upper extremity there were carpal fusions, broad digits and hypoplastic phalanges (mid and distal phalanx) with variable terminal deficiency. The thumb appeared proximally placed with a short first metacarpal. The fingers showed proximal symphalangism 
(progressively worse to the ulnar side) and brachydactyly. There was clinodactyly of the fifth finger. The feet were short with broad halluces. There were variable terminal deficiencies in the toes, absence of distal phalanges and hypoplastic toenails. The mother differed from her daughter by demonstrating webbed neck, a partial cleft of the alveolar ridge and a history of vesicourethral reflux.
The duplicated renal collecting systems segregated with the chromosome 2 inversion in multiple maternal family members, including two maternal aunts and a maternal uncle. These other individuals did not have the chromosome 17 deletion.
Patient 6. Unfortunately limited information on the phenotype was available. It was concluded that the patient had delayed speech and intellectual disability. His head was microcephalic with a narrow long face and a high palate. The patient's genitals showed chordee in a small penis and chryptorchidism. In the upper extremity there was camptodactyly.
DISCUSSION
In the current study, we describe evidence for a clinically recognizable 17q22 microdeletion syndrome. The syndrome includes microcephaly, intellectual disability, visual impairment, distinctive facial features such as thin border of upper lip, upslanting palpebral fissures, micrognathia, hypertelorism and NOG-related bone and jointfeatures such as symphalangism, conductive hearing loss and jointcontractures. It has previously been shown that larger deletions across the region and heterozygous missense and nonsense mutations in NOG cause symphalangism 17 All six patients in our study had bone and joint symptoms described in the five OMIM NOG-related symphalangism spectrum disorders. The short and broad phalanges and symphalangism of joints in digits and toes are most likely caused by haploinsufficency of NOG.
Symphalangism, dysmorphic facial features and intellectual disability have previously been reported in four 17q22 microdeletion patients 4, [6] [7] [8] (Table 2 ). In addition, eight patients with similar phenotype and cytogenetically visible deletions between 17q22 and 17q24 have been reported. 8 The lack of genomic coordinates for the deletions based on G-band patterning alone makes it difficult to make detailed genotype-phenotype correlations. The 17q22 microdeletions described in this study involve a B8.5-Mb region that is rich in segmental duplications (http://projects.tcag.ca/variation/). Segmental duplications comprise B5% of the human genome and are known to mediate clinically relevant deletions, duplications, and inversions through non allelic homologous recombination. 23 The commonly deleted region of 17q22 identified in this study is B0.24 Mb in size and encompasses two genes: the NOG gene and an open reading frame gene called C17ORF67. When we exclude patient 6 in which limited clinical information was available, the commonly deleted region is B0.55 Mb, involving NOG, C17ORF67, ANKFN1 and the mRNA-coding sequence BC037494. We did not find any associated phenotypes noted in OMIM, Decipher (except our Patient 6, https:// decipher.sanger.ac.uk/patient/2292) or Ensembl for ANKFN1, BC037494 or C17ORF67.
The phenotypic and genotypic differences between our patients are interesting to explore. Patient 1 differed from patients 2, 3, 4 and 5 by aortic hypoplasia and deletion of DYNLL2, OR4D1, OR4D2, MSX2P1 and MKS1. Patient 6 also had a deletion involving these genes but no cardiac abnormality. It is notable that the patient with a 3.54-Mb microdeletion of 17q22-17q23.1, reported by Khattab et al. 6 had heart anomalies, pulmonary hypertension and deletion of MKS1 but not NOG. This patient also had symphalangism, which might indicate positional effects of other genes in the region in the development of symphalangism.
Patient 2 is the only patient in our study with hypogonadotrophic hypogonadism and absence of uterus. Interestingly, Shimizu et al. 4 also reported a patient with a 17q22 deletion and hypogonadotrophic hypogonadism. When excluding the genomic region of Patient 4 and 5 (mother to patient 4), the breakpoints that the Shimizu et al. 4 patient and our patient 2 share includes DGKE, MTVR2, TRIM25, BC114339, MIR3614, COIL, SCPEP1, RNF126P1, AKAP1 and MSI2. To our knowledge, there is no human phenotype related to hypogonadism or absence of uterus reported in PubMed, OMIM or Ensemble for mutations in these genes, but Orimo et al. 24 have shown that mice carrying a loss of function mutation in Trim25, also named Efp (oestrogen-responsive finger protein), have underdeveloped uterus, suggesting that Efp could be involved in the normal oestrogen-induced cell proliferation of uterus and the uterine swelling.
Mutations in NOG-related symphalangism spectrum disorders have not resulted in intellectual disability. [25] [26] [27] [28] [29] Two previously reported 17q22 microdeletion, patients were intellectually disabled. 7, 8 All patients in our study, including patient 6, have intellectual disability and deletions of NOG and C17ORF67. However, all cases harbored deletions of several other dosagesensitive genes outside the region of overlap, making haploinsufficiency of NOG and C17ORF67 unlikely to be the cause of intellectual disability in our patients.
Our findings support the proposal of Ballif et al. 30 that copy number variants of 17q22 and 17q23.1q23.2 represent clinically distinct entities. They do share some symptoms such as hearing loss, intellectual disability and microcephaly. However, there are some major differencies in the bone, joint and facial phenotypes, such as symphalangism and short palpebral fissures. All patients with 17q23.1q23.2 deletions presented with heart defects, which is not the case with the 17q22 microdeletion patients, except for the above mentioned patient 1 with aortic hypoplasia and the patient reported by Khattab et al. 6, 30, 31 Figure 3 Schematic representation of the size and location of 17q22 microdeletions detected by array-CGH in patients described here (black bars) and previously described patients with similar microdeletions (gray bars). 4, [6] [7] [8] Displayed and magnified chromosomal region is boxed in red on chromosome 17 at the top. The numbers below represent the genomic distance (in base pairs) from the 17p telomere according to UCSC Genome Browser Build 37/hg19 (2009). The tracks of the commonly deleted genes ANKFN1, NOG and CORF67 are retrieved from the UCSC Genes track(http://genome.ucsc.edu/).
17q22 microdeletion phenotype T Laurell et al
In the 17q21.31 microdeletion syndrome, patients present with intellectual disability, hypotonia, high palate, slender, long fingers and facial features, including blepharophimosis, upslanting palpebral fissures, epicanthal folds, a bulbous nose and prominent ears. [32] [33] [34] [35] In addition, cardiac abnormalities, kidney problems and skeletal anomalies have been described. In our opinion, some of the facial features resemble patients in our study, possibly indicating positional effects of other genes involved in the two syndromes. 33, 34 The hand descriptions noted for NOG-related symphalangism spectrum disorders raise a specific point of interest, in particular the proximally placed thumbs reported previously. On clinical examination patients 1, 2, 4 and 5 appeared to have proximally placed thumbs and patient 1 also had a deep first web space. X-rays revealed a short first metacarpal in patients 1, 2 and 4 ( Figure 2 ), but the base of the first metacarpal and the carpometacarpal-joint was not proximally placed. Therefore, the clinical appearance of a proximally Table 2 Common clinical characteristics of our and the four previously reported 17q22 microdeletion patients T o t a l a
placed thumb is due to a short first metacarpal or in some patients a short proximal phalanx and should be reported as such. Cushing 36 noticed, as many after him, that the symphalangism progressed in severity from the postaxial side of the hands to the preaxial side. This was also the case in our study for all patients except patient 6. Despite the fact that patient 1 had stiff proximal interphalangeal joints and absent flexion creases at clinical examination, her X-rays at one and a half years of age were almost normal except for narrowing of the joint space of the proximal interphalangeal joint of the fifth digit ( Figure 2 ). There could be many reasons for this. First, an X-ray of the hands at early age is likely inadequate for determining the presence of a proper proximal interphalangeal joint. Second, the gap showing at the proximal interphalangeal joints may be cartilage without joint space and the ankylosis of the proximal interphalangeal joints may progress later during life. 37 In conclusion, we have investigated molecularly and clinically, patients with 17q22 microdeletions and present evidence for a clinically recognizable 17q22 microdeletion syndrome. The identification of additional patients with microdeletions on 17q22 should further elucidate the clinical features of this contiguous microdeletion syndrome.
